Abstract-We develop the notion of orthogonal frequency division multiple access (OFDMA) to enable a radar to execute multiple tasks simultaneously. OFDMA, like the better-known orthogonal frequency division multiplexing (OFDM) radar, encodes information on subcarriers in the frequency domain. However, in an OFDMA-based radar, the information can correspond to independent tasks to be executed simultaneously; of specific interest here, as proof of concept, is to partition the OFDMA subcarriers to detect two targets simultaneously. Designing a broadband OFDMA signal is an efficient approach to achieve this, since the frequency domain information for each subcarrier can correspond to each task. Applied to a highfrequency surface wave radar, our results show that the OFDMA framework allows us to combine adaptive transmit beampatterns with task execution.
I. INTRODUCTION
Any radar system must execute multiple tasks such as tracking multiple targets and surveillance; a traditional radar system executes these tasks sequentially, wherein, in a single time slot all radar resources are devoted to a single task. However, the advent of all-digital waveform generation allows for the real-time design of transmit waveforms; this paper exploits this flexibility to consider the execution of multiple tasks simultaneously. To this end, we develop the notion of orthogonal frequency division multiple access (OFDMA) applied to radar, a concept borrowed from simultaneous multiuser wireless communications.
OFDMA is best known as the multiuser version of the popular orthogonal frequency division multiplexing (OFDM) technique in wireless communications; importantly, OFDM has been developed for radar systems as well. The early research on OFDM radar, and associated multi-frequency radar applications, was published by Levanon [1] . Because of the flexibility, spectral efficiency and well-behaved ambiguity function of an OFDM radar signal [2] , various applications of such systems have been proposed, including synthetic aperture radar [3] , target detection and tracking in multipath scenarios [4] , and direction of arrival estimation [5] . OFDM radar also allows for the co-existence of radar and communication systems [6, 7] .
Both OFDM-and OFDMA-based wireless communications systems place data on several, narrowband, sub-carriers, which taken together form a broadband transmit signal. The key difference is that in OFDM, all subcarriers are devoted to a single user, while, in OFDMA, each user is assigned a subset of subcarriers, thereby allowing for simultaneous multiuser transmissions. Importantly, in both systems, the overall signal is efficiently created using an inverse Fast Fourier transform followed by a single modulation step.
In this paper, we develop an OFDMA radar framework allowing for multiple tasks to be executed simultaneously. In other words, we translate radar tasks into "users", and assign each task a subset of subcarriers. Usefully, OFDMA techniques (e.g., scheduling and resource allocation) used in wireless systems are available to radars as well. However, one drawback of OFDM-and OFDMA-based radar is the high peak-to-average power ratio (PAPR) in the designed signal. We show that a simple clipping approach can guarantee a PAPR constraint while retaining adequate detection capability.
As proof of concept, we focus here on the simultaneous detection of two targets, located at two different look directions, buried in clutter. Such a scenario could arise during the tracking of two targets by a radar with the look angles determined by the previous detections of the targets. We develop the OFDMA system in the context of a high frequency surface wave radar (HFSWR), detecting and tracking ocean targets [8, 9] . Consequently, we model the clutter using a K-distribution. This paper is organized as follows: Section II develops the application of the OFDMA signalling architecture to radar. Section III describes our testing procedure and presents results of simulations to illustrate how an OFDMA radar can execute multiple tasks. Section IV wraps up this paper with some conclusions and some discussion.
II. OFDMA RADAR MODEL

A. Transmitted Signal Model
The transmitter comprises a linear array of equispaced elements. Each transmit antenna is capable of transmitting its own broadband waveform. Specifically, the waveform comprises subcarriers, i.e., each transmission comprises time-domain samples created using an IFFT of frequency domain "symbols" placed on the subcarriers. In an OFDMA system, each user is assigned a subset of the subcarriers. Since the objective is to design a multitasking radar system, when constructing the transmit waveform of each antenna, we use the spatial signature required by each task in the design of each of the symbols.
Given a total of tasks, let ( ) denote the subset of subcarriers (frequency slots) allocated to task , = 1, … , .. We require that ( ), = 1, … , , forms a partition of the subcarriers. We have,
where, , in (1) are task-defined symbols, { ⋅ } denotes the (length-) IFFT of a sequence and the index denotes the time sample. If the samples are spaced by a time period of , the signal transmitted from element is given by:
where ( ) is a unit-energy template pulse shape lasting on order of (i.e., bandwidth proportional to 1/ ) and is the transmission center frequency.
The discussion so far has not specified the tasks at hand. As proof of concept, we focus on the detection of two targets at predefined angles, and , with respect to the radar. Such a situation could arise in the tracking of two targets in directions and , with the two angles determined by previous detections of the targets. In order to complete this task, we use the following simple subcarrier symbol assignment: the evenindexed subcarrier symbols focus on target 1, and the oddindexed subcarrier symbols focus on target 2.
Let ( ) ≜ sin( ) denote spatial frequency where denotes the inter-element spacing and λ is the operating wavelength. The simplest approach is to set , =
( 1 ) , for even and , = ( 2 ) for odd , i.e., use the beamforming weights to steer the transmission toward the two chosen angles. Here, we assume the transmission fractional bandwidth is low enough to ignore the frequency variation as a function of subcarrier index . The time samples to be transmitted from antenna number are:
The one drawback with this simple scheme is that a transmission steered toward "leaks", via the transmit sidelobes toward the target at . Therefore, unlike in communications, without additional sophistication, the two tasks ("users") are coupled. In the following section, we will use zero-forcing weights to eliminate this interaction.
B. Zero-Forcing
Zero-forcing is a well-established approach to eliminate inter-user interference in multiuser communications. Here we extend this approach to an OFDMA radar (in the context of two tasks. An extension to additional tasks is trivial). Our goal is to ensure that the symbols, ( , ), in (1) maximize the energy in the direction of the task , while transmitting none (zero energy) in the direction of the other task. Given the steering vector ( ) = 1, ( ) , … , ( ) ( ) , this can be achieved by obtaining the zero-forced steering vectors:
and setting ( , 1) = ( 1 ), ∈ (1) and the same for task 2.
Here, denotes an identify matrix of appropriate dimension and ( ) denotes the -th entry of the vector ( ) .
C. Received Signal Model and Processing
The signal received at the -th receive antenna is given by
where, ( ) denotes the (ocean for HFSWR) clutter, and ( ) thermal noise.
The signal term corresponds, in general, to targets with target ℎ,, with attenuation factor , is at a range corresponding to delay , angle and Doppler frequency . If we define the angle-dependent beamformed transmission as ( , ) = ∑ ( ) ( ) where, as before, ( ) denotes spatial frequency, we have
At the receiver, we can extract the information for each task separately using beamforming and matched filtering to the signal associated with that task, i.e.,
where, denotes the look angle associated with task . Hence, we have now designed a task-based MIMO system, and the output ( , ) contains the statistics required to complete the task (such as detection and tracking). An interpretation of the matched filter is that the receiver chooses the subcarriers to match by task.
D. PAPR Reduction
The discussion above wraps up the basic formulation of an OFDMA radar including the signal generation, reception and 978-1-4673-8823-8/17/$31.00 ©2017 IEEEprocessing. However, before presenting performance results, we must consider two specific practical concerns inherent with OFDM signals. First, to keep information on each subcarrier independent from others, in communications, the transmitted sequence is prepended with redundant data, known as a cyclic prefix or guard interval. We can confirm that in OFDMA radars, the addition of cyclic prefix does not affect task performance. In other words, within practical objectives, the OFDMA signal with guard interval performs identical to the signal scheme of Eq. (6).
The more important issue, therefore, is the peak-to-average power ratio (PAPR) of OFDM signals: since the number of subcarriers is large, by the central limit theorem, the samples ( ) ( ), are essentially Gaussian, in turn, leading to a large PAPR. This fact forces us to modify the proposed model, since power efficiency is imperative for radar systems.
The current techniques for OFDM signal PAPR reduction come in two flavors [12] : modifications in the time or frequency domains. In our application, a technique with lowest computation load, and least effect on the phase information of the transmitted signal, would be the most desirable. We explored two methods: one-sided clipping in the time domain, and selective mapping (SLM) in frequency. The reduction is applied at each transmitter, with a max-3dB constraint on the PAPR One-sided clipping is the simplest solution -any sample, which would lead to a PAPR of greater than 3dB, is clipped to the 3dB mark. This approach retains the phase information exactly. SLM optimizes the allocation of subcarriers to tasks to minimize the PAPR. Neither method discernably affects task performance since, with SLM, we are transmitting exactly the same data [12] , while with the one-sided clipping, the frequency diversity is more than adequate to compensate for the clipping. However, in the case of numerous tasks, or limited available bandwidth, selective mapping might be the only feasible solution to achieve desired PAPR. Table 1 presents the results of using the two techniques. For a chosen simulation scenario (described in the next section), the table indicates that both methods are effective in reducing PAPR (from 8.81dB to just below 3dB). Since, on average, the computation load for SLM is a factor 1.6 higher than for clipping, we use the clipping approach hereafter.
III. NUMERICAL RESULTS
In this section, we present simulation results to illustrate the efficacy of OFDMA radar. The objective is to detect two targets 1 The choice of 3dB is somewhat arbitrary and was dictated by the application at hand. Our approach should work for any needed PAPR constraint. ( = = 2), whose possible position and velocity are known to the system (a tracking application). We use a monostatic array with = 16 antennas spaced by = 32.61m and = 128 subcarriers covering a bandwidth of 40 kHz. The carrier frequency in the HFSWR is = 3.25 MHz. The two targets are located at ranges of R1 = 356.0 km and R2 = 89.94 km respectively and at azimuth angles of = 5° and = 50°. Both targets are moving radially with 20 km/hr velocity relative to the radar. The use of the same Doppler in simulation allows us to illustrate the use of OFDMA to execute two spatially separated tasks. The simulation results presented here focus on range processing (after Doppler processing), thus we use | , |, defined in Eq. (13) as the test statistic.
A. Ocean Clutter Model
For onshore HFSWR, the most prominent interference is the ocean clutter [10] . In Eq. (11), the term ( ) , denotes the clutter, and it is expressed as:
where τ corresponds to the -th range cell, defines the -th azimuth patch, ( , ) is the clutter patch magnitude and ν l, ϕ is the Doppler frequency of the patch. Both µ and υ are functions of the sea-state, where in practice are estimated from gathered data [13] . In this paper we assume ν l, ϕ to be constant for each patch. The amplitude each ocean clutter patch follows a -distribution, in which the less spiky patches behave like a complex Gaussian random variable. The ocean clutter is realized for sea-state 2 (smooth), on the Douglas sea scale. Also ocean patches are separated by 1° to cover all 180°. This configuration is the industry practice suggested in [8, 9] . Figure 1 plots the transmitted signal (with clipping) for each task. It is clear that the transmission includes adequate frequency diversity for detection. Moreover, the amplitude is Fig. 2 illustrates the detections capabilities of the OFDMA radar. The detection statistic is normalized to 1. As we can see, the target at angle is clearly detected, but also that the target at is also seen (though, attenuated since it is excited by the sidelobes of the transmission toward ).
B. Simulation Results
In some tracking applications, this coupling between tasks may not be a problem since the range of the target to be detected is known approximately. This coupling can be removed using the zero-forcing approach of Section II-B. Figure 3 plots the resulting detection statistic. As is clear from the figure, using the zero-forcing transmission weights eliminates the interaction between the two tasks since no energy is transmitted in the "wrong" direction. We emphasize that the receiver, in this case, still uses beamforming and matched filtering. Indeed, more sophisticated techniques, such as transmit and receive spacetime adaptive processing, may be also used. Fig. 4 shows how detection performance (task 1) varies as a function of the number of subcarriers ( ) for a fixed bandwidth. As is clear from the figure, as increases, the coupling reduces due to the increased averaging provided by the matched filter. However, in practice, because of the use of an IFFT, the subcarrier spacing is limited by the overall pulse length, i.e., this is not a completely free variable and cannot be arbitrarily large.
In Fig. 5 , a new case is illustrated, in which task 2 corresponds to tracking of a target located at the same distance of task 1 target (R 1 = R2 = 89.94 km) but as mentioned earlier, on a different azimuth angle -i.e.
. It is evident that using several frequencies in the OFDMA radar transmission, enables accurate detection of targets close to each other. Similarly, the OFDMA radar performs remarkably well for two targets located at the same azimuth angle, and closely distanced from the radar. As Fig. 6 illustrates such case with = = 5°, and R1 = 89.94 Km and R2 = 93.69 Km, in which R2 -R1 = 3.75 km is the range resolution, the smallest range difference attainable, based on the OFDM parameters selected. 
IV. CONCLUSION
In this paper, we proposed an OFDMA radar system which is capable of performing multiple tasks simultaneously. In this paper we have required the design to follow the practical standards and constraints of conventional HFSW radar systems. The benefits of using OFDMA signal models includes high performance accuracy, resilience against interference and clutter, and utilizing the bandwidth to full capability. We also showed the methods that address inherent issues of OFDMA systems, such as high PAPR, can be used in the context of radar systems as well.
We used a zero-forcing approach to eliminate coupling between tasks. It is worth noting that the OFDMA framework also allows us to optimize the symbol design process to obtain adaptive waveforms that reject clutter. Furthermore, data communication can be assigned a subset of subcarriers, enabling the co-existence of communication and radar capabilities.
